Small unilamellar lipid vesicles were used to encapsulate adenosine triphosphate (ATP-vesicles) for intracellular energy delivery. This technique was tested in full-thickness skin wounds in 16 adult rabbits. One ear was rendered ischemic by using a minimally invasive surgery. The other ear served as a normal control. Four circular full-thickness wounds were created on the ventral side of each ear. ATP-vesicles or saline was used and the wounds were covered with Tegaderm (3M, St. Paul, MN). Dressing was changed and digital photos were taken daily until all the wounds were healed. The mean healing times of ATP-vesicles-treated wounds were significantly shorter than that of saline-treated wounds on ischemic and nonischemic ears. Histologic study indicated better-developed granular tissue and reepithelialization in the ATP-vesicles-treated wounds. The wounds treated by ATPvesicles exhibited extremely fast granular tissue growth. More CD31 positive cells were seen in the ATP-vesicles-treated wounds. This preliminary study shows that direct intracellular delivery of ATP can accelerate the healing process of skin wounds on ischemic and nonischemic rabbit ears. The extremely fast granular tissue growth was something never seen or reported in the past.
N onhealing wounds represent a significant cause of morbidity and mortality for a large portion of the population. At least 5 million Americans suffer from chronic wounds, and many of these stem from diabetes, poor functioning veins, or pressure sores. 1, 2 Over the past 20 years, researchers have gained significant knowledge about the biochemical mechanisms underlying the process of wound repair but this knowledge has not resulted in dramatic changes in wound closure or outcome. Despite thousands of remedies and dressings developed or advocated to treat chronic wounds, none has been proven effective. 3 One of the major pathophysiologic events in slow-healing or nonhealing wounds is a deficient blood supply; the affected tissue exists in a partially ischemic state. 4 This decreased blood and oxygen delivery to the wound cells results in significantly decreased cellular energy supply, 5 which negatively impacts on nearly every aspect of the healing process from protein synthesis to cell migration and neovascularization. 6 We hypothesized that by providing energy to the wound tissues, the healing process would be enhanced. This hypothesis has never been tested in the past. If proven correct, it would provide a new avenue for wound management. We have used a new intracellular ATP delivery technique in which highly fusogenic lipid vesicles (ATP-vesicles) are used to encapsulate magnesium-adenosine triphosphate (Mg-ATP). The diameter of the lipid vesicles ranged from 120 to 160 nm. When these lipid vesicles come into contact with the cell membrane, they fuse with the cells and deliver their contents into the cytosol. This intracellular ATP delivery technique has shown effective in cell culture and preservation. 7 The direct intracellular delivery of ATP may circumvent tissue ischemic damage, and was shown effective in our skin wound treatment in nude mice. 8 However, there are critical differences in the physiology and biochemistry among rodents, larger animals, and humans. The novel growth factor therapeutics reported as successful in animal experiments, failed miserably in human clinical trials; and this has been attributed, in large part, to the differences in pharmacodynamics between the rodent and the human. 9 Furthermore, it is very difficult to create uniform ischemia in rodent wound models, most of the drugs are tested in normoxic wounds, which are very different from human chronic wounds. Since our final goal is to test the effectiveness of wound care drugs in humans, it is necessary to go beyond rodents. This article reports our results using the ATP-vesicles in the treatment of skin wounds in both nonischemic and ischemic wounds in rabbits.
METHODS

Preparation of ATP-Vesicles
The ATP-vesicles were made by Avanti Polar Lipids Inc. (Alabaster, AL). The composition was 100 mg/mL of Soy PC/ DOTAP (50:1), Trehalose/Soy PC (2:1), 10 mM KH 2 PO 4 , and 10 mM Mg-ATP. The diameters of the lipid vesicles ranged from 120 to 160 nm, which were measured by a DynaPro Particle Size Analyzer (Proterion Corporation, Piscataway, NJ). The lipid vesicles were freeze-dried and stored at -20°C until use. They were mixed with a nonionic vanishing cream (Dermovan, San Antonio, TX) immediately before use. The final concentration of Mg-ATP was 10 mM.
Animal and Wound Model
The study was approved by the Institutional Animal Care and Use Committee of the University of Louisville. A total of 16 young adult New Zealand white rabbits were used (less than 6 months old with a body weight of 1.5-2.5 kg). The ischemic ear model was created using a minimally invasive technique reported before. 10 Briefly, the rabbits were anesthetized with a mixture of ketamine hydrochloride 50 mg/kg and xylazine 5 mg/kg (IM). One ear was rendered ischemic and the other ear served as a paired normal (nonischemic) control. To create ischemic ear, 3 small vertical incisions were made on the vascular pedicles about 1 cm distal to the base of the ear. The central artery was ligated, divided, and the accompanying nerve was cut as well. The cranial artery and vein were also cut, but the caudal artery and vein were preserved. A circumferential subcutaneous tunnel was made through the 3 incisions. All the subcutaneous tissues, muscles, nerves, and small vascular branches were discontinued. The skin incisions were closed with 4-0 or 5-0 prolene. Four circular full-thickness wounds were created on the ventral side of each ear with a 6-mm stainless steel punch. Digital photos were taken and the wounds were treated with testing or control drugs. The rabbits were allowed to wake up after surgery and food and drinks were provided ad lib.
Postoperative Care
A Duragesic patch (Sadoz, Inc., Broomfield, CO) was attached to the back skin for releasing Fentanyl (25 g/h) for 2 to 3 days to reduce possible pain. The ischemic ears were observed for blood circulation and the closed incisions were examined daily for signs of bleeding or infection. On each ear, ATP-vesicles were used in 1 pair of the wounds and normal saline was used in the other 2 wounds. The wounds were covered with Tegaderm (3M, Minneapolis, MN). Dressing changes were made and digital photos were taken everyday. Skin temperature was measured on each ear daily. In this group, 11 rabbits were used for wound healing comparison and they were kept until all wounds were healed. Another 5 rabbits were killed at days 1, 3, 6, and 13 for histologic analysis and immunohistochemical staining.
Histologic Studies
Immediately after the rabbits were euthanized, circular wounds were removed and immersed in 4% formaldehyde buffer overnight. The circular wound disks were bisected and one half was embedded in paraffin for light microscopic examination. The paraffin blocks were cut in 6-m and the slides were used for hematoxylin and eosin staining or CD31 immunostaining. The other half of the tissue was submitted for transmission electron microscope processing, which was thinly sliced into 3-mm 3 blocks for plastic embedding after postfixation in 2% osmium tetroxide and dehydration. The polymerized blocks were cut at 1-micron thickness, stained with toluidine blue for light microscopy and 800 Å thickness, and collected on copper grids, stained with lead citrate and urinal acetate, before they were examined in a CM10 Philips electron microscope (North American Philips, Co., Mahwah, NJ).
Wound Tissue Angiogenesis
Wound tissue angiogenesis was determined by CD31-positive cells using immunohistochemical staining. The biopsy samples were fixed in 4% formaldehyde buffer for 16 hours then placed in 70% ethanol before embedding. A mouse antihuman monoclonal antibody (Dako North America, Carpinteria, CA), which has been shown to have good cross-species reactivity in our experience and in the literature, [11] [12] [13] was used as the primary antibody. Most of the stain steps are performed in the Autostainer (Dako). All immunostained specimens were evaluated qualitatively under light microscopy. Following assessment of the quality and distribution of the staining, a quantitative morphometry analysis was performed. In each microscopic field (a magnification of 400ϫ), covering granular tissue either from the saline-treated group or from the ATP-vesiclestreated group in nonischemic wounds 6 days after surgery, the number of CD31-positive microvessels was counted as the total number of vessels per field. Five fields from each slide were counted and the finding was pooled for analysis.
Statistical Analysis
Results are reported as mean and standard deviation (SD). The saline and vesicles-ATP wounds were compared by either paired t test or Mann-Whitney test with commercially available statistical software (GraphPad Software, Inc. San Diego, CA). A P value of Ͻ0.05 was considered significant.
RESULTS
Among the 16 rabbits, 5 were killed at different time periods for tissue biopsy study before the wounds were healed, and the remaining 11 rabbits were followed until all wounds were healed. There was no death or skin incision infection in these animals.
Overall Appearance
The ischemic ear became cool and cyanotic with a reduced sensation distal to the incision after surgery. The skin temperature differences between nonischemic ears and ischemic ears ranged from 3.2°C to 4.9°C at the beginning. It decreased gradually over time (Fig. 1 ). The most important ear artery, the central artery, had a strong pulse in the nonischemic ear, but this pulse was absent in the ischemic ear. The ischemic ear movement was reduced but not totally eliminated because some muscles were still attached to the base of the ear.
Wound-Healing Times
Among the 11 rabbits, wound-healing time was compared between the ATP-vesicles and saline-treated wounds on the nonischemic ears and ischemic ears (22 wounds in each group). On the ischemic ears the healing times ranged from 19 to 30 days (mean 22.8 Ϯ 4.1 days) for the saline-treated wounds versus 17 to 22 days (mean 18.0 Ϯ 1.9 days) for the ATP-vesicles-treated wounds (P ϭ 0.0005). On the nonischemic ears the healing times were 14 to 17 days (mean 15.5 Ϯ 1.0 days) for the saline-treated wounds and 13 to 16 days (mean 13.9 Ϯ 1.5 days) for the ATP-vesicles treated wounds (P ϭ 0.033). There were significant differences in healing times between the 2 treatments on the ischemic and nonischemic ears ( Fig. 2) . Figure 3 is an example of the comparison of the healing process between the ATP-vesicles-treated and the saline-treated wounds on the ischemic ears. More examples of comparison of the 2 treatments on the nonischemic ears and the ischemic ears are shown in Figure 4 .
Extremely Fast Granular Tissue Growth by Intracellular ATP Delivery
One very special finding in this study was the extremely fast granular tissue growth in the wounds treated by intracellular ATP delivery. Gross examination showed that the ATP-vesicles-treated wounds had granular tissue growth starting from only 1 day after surgery on the nonischemic ears. This granular tissue growth lagged FIGURE 1. The mean skin temperature differences between the ischemic and nonischemic ear ranged from 4.7°C to 1.5°C, decreasing with time.
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Rabbit Skin Wounds behind about 2 to 3 days on the ischemic ears, but the wounds treated with ATP-vesicles also had faster granular tissue growth than those treated by saline ( Fig. 5 ).
Histology Study
Light Microscopy
Samples taken from the rabbit killed 3 days after surgery showed a significant granular tissue growth in the edge that extended toward the center in the ATP-vesicles-treated wounds on both the nonischemic ear and the ischemic ear. By contrast, the center of the wound treated by saline was without such changes and the wound edge was lined with normal epidermal cells infiltrated by a small amount of granulation tissue (Fig. 6 ). Figure 7 shows the details of histologic changes in the nonischemic ears at day 3 and day 6 postwounding. Three days after surgery, many more inflammatory cells such as neutrophils, macrophages, and lymphocytes were observed ( Fig. 7B and D) in the ATP-vesicles-treated group than in the saline-treated group (Fig. 7A and C) . Six days after surgery, a higher number of inflammatory cells appeared in both superficial and deep areas of the granulation tissue in the ATP-vesicles-treated wounds (Fig. 7F ) than in the saline-treated wounds ( Fig. 7E and G) . The granulation tissue deposition increased with more fibroblasts development and capillary loops in the deeper layer of the wounds On the nonischemic ear (left), granular tissue starts to appear only 1 day after surgery. In the saline-treated wounds very little granular tissue is found after 2 to 3 days. On the ischemic ear (right), a similar phenomenon in ATP-vesiclestreated wounds occurs but with 2 to 3 days delay. Almost no granular tissue is found in the saline-treated wounds at 7 days.
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Annals of Plastic Surgery • Volume 62, Number 2, February 2009 in the ATP-vesicles-treated group (Fig. 7H ). Figure 8 shows the comparison at day 13 in the ischemic wound. The intracellular ATP-delivery caused faster and more complete healing, whereas the wound treated with saline remained unhealed.
Electron Microscopy
A significant cell accumulation as early as day 1 was seen in the ATP-vesicles-treated wounds on the nonischemic rabbit ear. Scanning electron microscopy indicated numerous macrophages embedded in fibrin-like amorphous matrix. On the wound edge, the heaping cellular growth formed a small cellular mound over the epidermal keratinocytes as early as day 1. Daily application of ATP-vesicle seemed to sustain the newly arrived cells segregated by thin fibrin-like filamentous strands. At the level of ultrastructure granular tissue, 3 days after wounding on the nonischemic ear, a superficial layer dominated by cellular debris and degenerating cells is shown (Fig. 9A ). The tissue interior consists of polymorphneutrophils ( Fig. 9B) , marcophages, fibrin, and red blood cells. Macrophages are identified by their large cell size, the tendency to engulf varying amounts of lipid droplets as well as the presence of cholesterol-like crystalline inclusions (Fig. 9C ). Newly formed vessels in lamina propria are the conduit for the arriving inflammatory cells (Fig. 9D ).
Morphometry Evaluation for CD31
Wound samples stained with mouse antihuman monoclonal antibodies shows more CD31 stained cells in the wounds treated with ATP-vesicles than in the saline-treated wounds (Fig. 10) . A quantitative morphometry analysis confirmed that there was significant difference (P ϭ 0.0286) between the ATP-vesicles-treated group (14.3 Ϯ 2.7 capillaries/field) and the saline-treated group (5.5 Ϯ 1.2 capillaries/field).
DISCUSSION
Although the causes of nonhealing chronic wounds are multifactorial, the primary pathophysiology is associated with deficient blood supply, 14, 15 which results in a significant decrease in cellular energy. 5, 16, 17 Energy is needed for every phase of the wound healing process, and the decreased availability of ATP negatively impacts nearly every aspect of the healing process (protein and lipid biosynthesis, signal transduction, cell mitosis and migration, growth factor production, and maintenance of homeostasis). 6 This is because proteins built by linking its individual component amino acids with peptide bonds require chemical energy. 18 Collagen is synthesized by fibroblasts, 17 but fibroblasts are unable to replicate or synthesize collagen during ischemia and hypoxia. 18, 19 In the past, increasing wound oxygen supply has received substantial attention. The use of hyperbaric oxygen therapy is one example and has shown some favorable results, 20 -22 but the true effectiveness of increased oxygen tension on wound healing has never been established. 18, 23, 24 To compensate for the reduced blood and oxygen supply, anaerobic glycolysis is increased in wound tissue. 25 However, this is ineffi- 
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Rabbit Skin Wounds cient for energy production, yielding only 1/16 the amount of ATP compared with aerobic energy production. 26 Our hypothesis is that if ATP can be delivered into the cytosol, the wound-healing process will be greatly enhanced. In the literature, there have been other studies on extracellular ATP application for wound healing. These reports have indicated that extracellular ATP and ADP are mitogenic factors that enhance DNA synthesis and have synergism with growth factors during wound healing. 6, 27 Using free Mg-ATP for intracellular delivery was reported in the past, but it is well known that a highly charged molecule like ATP does not cross the cell membrane in a quantity large enough to fulfill the metabolic requirement. Besides, the half-life of free ATP in the blood is less than 40 seconds, limiting its usefulness as an effective drug.
In this study, specially formulated and highly fusogenic small unilamellar lipid vesicles (with diameters of 120 -160 nm) were used for intracellular Mg-ATP delivery. The technique was tested in various cell culture and preservation studies, and it showed protective effects during hypoxia. Although free ATP degrades quickly in the blood circulation, the encapsulation of drugs in the lipid vesicles can significantly extend its life. 28 Our freeze-dried ATP-vesicles can be kept for 6 to 12 months without degradation. In our previous rodent hind limb study, we found such encapsulation could maintain its in vivo effect for 4 to 6 hours. Our endothelial culture study showed that these vesicles fused with the cells and delivered watersoluble carboxyfluorescein into the cytosol within 10 minutes. 7, 29 In rat and pig skin penetration studies it was shown that lipid vesiclesencapsulated Mg-ATP could penetrate the skin 10-to 20-fold faster than free Mg-ATP. 7 These characteristics make the technique suitable for wound care usage. In our pilot experiment, we used free Mg-ATP only, lipid vesicle only, saline only, or cream only, and these control drugs did not show any effect in enhancing wound healing. Our previous nude mice study showed promising results of such technique in full-thickness skin wound healing. 8 Although rodent model has been popularly used for wound care studies, the differences in pathophysiology and pharmacokinetics, the ability of rodent to heal infected wounds quickly, and the ability of the loose skin to contract significantly in these animals, all have been blamed for unsuccessful translation from bench to bedside of numerous wound care drugs. 9 If a drug is expected to be successful, a testing model beyond rodent is required.
The results from this study indicated a promising effect of the intracellular ATP delivery technique. Not only did the wounds treated by the ATP-vesicles heal faster, but also the healing quality was better. The extremely fast granular tissues growth caused by intracellular ATP delivery is a very unique and very surprising finding. We have never seen such fast granular tissue growth in patients or any other land animals. To our knowledge, there has never been any report in the medical literature that shows such fast granular tissue growth by any other drugs. A report using a similar rabbit wound model indicated that granular tissue was barely seen 7 days after surgery. 14 Although we still do not know all the mechanisms related to the enhanced wound healing and the extremely fast granular tissue growth in these animals at day 1 or 2, it should still be in the hemostasis and very early inflammation phase. The proliferation phase normally does not start until day 4 or 5. 30 As indicated above, ischemia is the major pathophysiologic event in nonhealing wounds. The reestablishment of blood circulation takes time. A direct intracellular delivery of ATP into the wound cells can bypass the need for fully intact blood circulation and still provide much-needed energy to all of the starved cells to facilitate wound healing. We are not sure which cells will benefit most. However, the application of ATP-vesicles resulted in a significantly decreased wound area, especially within the first 1 to 5 days in nonischemic wounds and 3 to 7 days in ischemic wounds. This period correlates with skin contraction, macrophage stimulation, fibroblast proliferation, and other fibroblast-dependant activities, such as collagen synthesis and extracellular matrix production. 31 ATP-vesicles seem to benefit all of these factors during the healing process. The highly efficient granular tissue production in the ATP-vesicles group should also be very attractive in clinical practice because, in many surgical cases, tissue defects need to be filled by granular tissue before reepithelialization takes place. Wound healing is a complex process and more than 100 physiologic factors are known to be involved in chronic diabetic wounds. 32 Numerous cell types, cytokines, growth factors, and enzymes are involved in angiogenesis, collagen synthesis, and wound healing. [33] [34] [35] Vascular endothelial growth factor (VEGF) was shown to be upregulated in our previous nude mice study in the wounds treated by ATP-vesicles compared with those treated by saline alone. 8 CD31 staining is the most reliable and most popularly used technique for angiogenesis. 36 In the immunohistochemistry stained samples of the present study, more CD31-positive cells were present in the wound area in ATP-vesicles-treated wounds than in those treated by normal saline. The result seems to fit our hypothesis that providing energy to wound tissue causes functional neovascular generation. However, angiogenesis is induced by many factors and VEGF alone is not enough. All other vascular specific growth factors, such as angiopoietin family and eprin family, have to be involved too. 37 Unlike some other delivery techniques in which only a limited number of factors can be delivered, providing intracellular ATP has the possibility of supporting a coordinated upregulation of all growth factors. Another important factor is the involvement of pro-and anti-inflammatory cytokines. 38 In a similar study using a rabbit ear wound model, it was found that the expression of several proinflammatory cytokines (IL-1␤, MCP-1, and TNF-␣) was significantly upregulated only 1 day after wounding (unpublished data). This fast upregulation appeared to coincide with the time of the extremely fast granular tissue growth. More work is required in this area to fully understand the roles of these cytokines.
The wound model used in this study appeared to have many advantages. Unlike the wounds in rodents, which have high possibility of skin contraction, the rabbit ear skin is splinted by the cartilages, and this has eliminated skin contraction substantially. The technique for wound treatment reported here is easy to apply, has minimal expense, and has low toxicity. We have to point out that the use of small unilamellar vesicles is not our innovation, nor is the encapsulation of ATP into liposomes. Our innovations are (1) the use of small unilamellar vesicles that are highly fusogenic to encapsulate ATP and allow efficient cytosolic delivery of ATP and (2) the use of intracellular energy delivery for wound healing. If this approach can be translated to clinic patients, it will benefit millions of patients with diabetic wounds, pressure ulcers, and other types of acute and chronic wounds.
In conclusion, the results of this preliminary study show that intracellular delivery of ATP can accelerate the healing process in full-thickness skin wounds on ischemic and nonischemic rabbit ears. The extremely fast granular tissue growth in these wounds is a phenomenon never seen or reported before. If the full mechanism(s) is discovered by future research, it could have a major impact on medicine with great treatment potential in various human wounds.
